Equilibrium structures and energies of gas-phase molecular complexes SiH4···BH3, SiH4···B2H6, and SiH4···BCl3 were determined using second-order Møller-Plesset perturbation theory (MP2) and the aug-ccpVTZ basis set, with and without explicit core electron correlation. Single-point energies were calculated for the MP2-optimized structures using MP2 with the aug-cc-pVQZ basis set and using coupled cluster theory (CCSD(T)) with both the aug-cc-pVTZ and the aug-cc-pVQZ basis sets to extrapolate to the complete basis set (CBS). Partition functions were calculated using the harmonic oscillator/rigid rotorapproximation at the MP2/aug-cc-pVTZ level of theory. The explicit core electron correlation is demonstrated to have significant impact on the structures and binding energies and binding enthalpies of these complexes. The binding enthalpies were obtained at various temperatures ranging from 0 K to the dissociation temperatures of the complexes. The potential energy surfaces of the three complexes were explored, and no transition states were found along the pathways from separated species to the complexes. ABSTRACT: Equilibrium structures and energies of gas-phase molecular complexes SiH 4 ···BH 3 , SiH 4 ···B 2 H 6 , and SiH 4 ···BCl 3 were determined using second-order Møller−Plesset perturbation theory (MP2) and the aug-cc-pVTZ basis set, with and without explicit core electron correlation. Single-point energies were calculated for the MP2-optimized structures using MP2 with the aug-cc-pVQZ basis set and using coupled cluster theory (CCSD(T)) with both the aug-cc-pVTZ and the aug-cc-pVQZ basis sets to extrapolate to the complete basis set (CBS). Partition functions were calculated using the harmonic oscillator/rigid rotor approximation at the MP2/aug-cc-pVTZ level of theory. The explicit core electron correlation is demonstrated to have significant impact on the structures and binding energies and binding enthalpies of these complexes. The binding enthalpies were obtained at various temperatures ranging from 0 K to the dissociation temperatures of the complexes. The potential energy surfaces of the three complexes were explored, and no transition states were found along the pathways from separated species to the complexes.
INTRODUCTION
The chemical vapor deposition (CVD) technique is a process widely used in the semiconductor industry to produce thin films, in which source gas/precursor molecules are transformed into a solid on the surface of a substrate. 1 Silane (SiH 4 ) is a common precursor used in the CVD process due to its high volatility. Several boron compounds, borane (BH 3 ), diborane (B 2 H 6 ), and boron trichloride (BCl 3 ), are commonly used as precursors for the fabrication of boron-doped thin films. At the initial stage of the CVD process, silane and boron-containing source gases interact through thermal initiation. Various chemical processes could occur, producing radical or charged species depending on the surrounding conditions. However, in this study, the processes of interest are the formation of the addition complexes. 
In these processes, temperature can potentially influence the stability of both the reactants and the products, which in turn will affect the subsequent steps in the CVD process. Therefore, it is crucial to understand the temperature effects on these binding processes.
The goals of this study are two-fold, (1) to predict accurate structures and binding energies and binding enthalpies for the SiH 4 ···BH 3 , SiH 4 ···B 2 H 6 , and SiH 4 ···BCl 3 complexes with highlevel ab initio methods and to determine how increasing the temperature affects the binding enthalpies and (2) to explore the potential energy surfaces (PESs) of these complexes along the formation pathway, in particular, to search for possible transition states. The binding energies ΔE b are defined as the energy changes associated with reaction 1. For example, for reaction 1a,
, where E x refers to the total electronic energy of species x. The binding enthalpies at 0 K are obtained from ΔE b + Δ(ZPE), where ZPE x is the zero-point vibrational energy for species x, obtained using the harmonic oscillator approximation. Further temperature corrections, using standard methods, yield the corresponding binding enthalpies at the higher temperatures. For clarity, the absolute (positive) binding energies and enthalpies are quoted in this work.
The paper is organized as follows: the computational methods employed in this study are presented in section 2. In section 3, results and discussion are arranged to elucidate the results of the study. Conclusions are drawn in section 4.
COMPUTATIONAL METHODS
The geometries of SiH 4 , BH 3 , B 2 H 6 , and BCl 3 were optimized using second-order Møller−Plesset perturbation theory (MP2) with the augmented correlation-consistent triple-ζ basis set (aug-cc-pVTZ). The geometries of the complexes SiH 4 ···BH 3 , SiH 4 ···B 2 H 6 , and SiH 4 ···BCl 3 were optimized with the same level of theory and basis set. Harmonic vibrational frequencies for all of the optimized species were evaluated to confirm that each molecular species is a genuine minimum on their respective PESs. Single-point energies were computed for these optimized geometries using coupled cluster theory with single, double, and perturbative (noniterative) triple excitations (CCSD(T)) using the same aug-cc-pVTZ basis set. The aforementioned calculations by default used the frozen core approximation that assumes that the core electrons are inert during the electron correlation calculations.
To determine the importance of core electron correlation for the systems of interest, an identical set of calculations was carried out with all core electrons treated explicitly. Explicit core electron correlation generally adds a significant computational cost. The lowest-lying molecular orbitals (MOs) are expected to contribute very little to the relative energies and geometries of the molecular species in this study. Hence, in an attempt to reduce the computational cost while retaining accuracy, all of the calculations mentioned above were repeated with the Si 1s orbitals frozen. For BCl 3 and the SiH 4 ···BCl 3 complex, the three Cl 1s orbitals were also frozen. Freezing more of the core electrons (the outer core) results in significant changes in the predicted geometries and relative energies. In addition, as a less computationally demanding alternative approach to describe the core electrons, Huzinaga's model core potential (MCP) 2 with the equivalent TZ quality basis was employed to optimize the geometries of all of the clusters and their components. In the MCP method, the core electrons are replaced by the MCP, which incorporates scalar relativistic effects. The valence electrons are described with the associated triple-ζ basis set.
The binding energies and binding enthalpies obtained with outer core electrons included in the correlation part of the calculations are extrapolated to the complete basis set (CBS) limit at both the MP2 and CCSD(T) levels of theory. Both the HF reference energies and the correlation energies are extrapolated using two basis sets (two-point extrapolation), aug-cc-pVTZ and aug-cc-pVQZ. Single-point energies are computed with the augcc-pVQZ basis set at the TZ-optimized geometries. The twopoint extrapolation formula of Karton and Martin 3 is used for the HF energies
where α = 5.34 for the aug-cc-pVTZ/QZ pair.
The correlation energy extrapolation is accomplished using
Using the vibrational frequency information to calculate the appropriate harmonic oscillator/rigid rotor partition functions, the binding enthalpies were calculated at different temperatures. To determine if barriers exist during the formation process, reoptimization of the geometries was started from separated components of the complexes (∼5 Å apart). The reoptimized complexes were compared to the original optimized structures. All calculations were carried out using the GAMESS program. 
RESULTS AND DISCUSSION
The minimum-energy structures optimized at the MP2/aug-ccpVTZ level of theory with full explicit core electron correlation for all of the molecular species involved in this study are shown in Figure 1 . It has been suggested that electron correlation is important in describing the binding of these complexes and that the Hartree−Fock (HF) method fails to predict the correct structure for the SiH 4 ···BH 3 complex. 6 Usually, core electrons are excluded from the electron correlation calculations because most chemical phenomena involve only the valence electrons. Excluding the core electrons, that is, the frozen core approximation (FC), can save significant computational cost. However, in the present study, the core electron correlation is shown to play a key role in the prediction of both the Si···B distances and the binding energies and enthalpies of the three complexes. The geometries (Table 1 ) and binding energies (Table 2 ) of the SiH 4 ···BH 3 , SiH 4 ···B 2 H 6 , and SiH 4 ···BCl 3 complexes exhibit significant differences, depending on whether or not core correlation is included in the calculations. For the SiH 4 ···BH 3 complex, including the core correlation causes a decrease in the Si···B distance by ∼0.04 Å. This in turn results in a ∼4 kcal/mol increase in the binding energy. Similarly for SiH 4 ···BCl 3 , the shortening of the Si···B distance caused by the inclusion of core correlation enhances the binding energy by nearly a factor of 2. The effect of core electron correlation is most dramatic for the SiH 4 ···B 2 H 6 complex. For this species, it was not possible to locate a minimum-energy structure unless core correlation was included in the calculation. Indeed, the SiH 4 ···B 2 H 6 complex is unbound at the CCSD(T)/aug-cc-pVTZ level of theory without the inclusion of core electron correlation. In heavier elements like Si, it is likely that the "outer core" (i.e., 2s, 2p) electrons are more important for predicting properties than the "inner core" 1s electrons. This is referred to as the partial frozen core approximation (PFC) in this paper. Close inspection of MOs reveals that the lowest MOs of SiH 4 and BCl 3 are essentially the Si 1s atomic orbital and Cl 1s atomic orbital with orbital energies of −68.77 and −104.86 hartree, respectively. On the other hand, the lowest-lying MOs of BH 3 and B 2 H 6 are largely boron in character and all higher than −10.00 hartree. Therefore, one can consider freezing the electrons in the Si 1s orbital and Cl 1s orbitals during the electron correlation part of the calculation. The structures and binding energies that are obtained when the Si 1s core electrons and, in the case of SiH 4 ··· BCl 3 , also Cl 1s core electrons are not correlated are also listed in Tables 1 and 2 .
The resulting structures and binding energies demonstrate that the 1s electrons of Si and Cl play little role in the binding.
The MCP predicted Si···B distances in the three complexes lie in between those with and without the inclusion of core correlation but more closely resemble the FC results. The same is true for the binding energies. Thus, the use of MCPs is not a viable alternative to including core correlation in the calculations.
Of the three complexes considered here, SiH 4 ···BH 3 is overwhelmingly the most strongly bound, with one silane hydrogen shared with the boron atom, forming a bridged structure. In fact, the B−H distance for this hydrogen (1.271 Å) is shorter than the corresponding Si−H distance (1.636 Å). The Si−H distance is ∼1.472 Å in isolated SiH 4 , and the B−H distance is ∼1.181 Å in isolated BH 3 . In the complex, one of the SiH 4 hydrogens is pulled and therefore elongated by the boron upon forming the bridged structure. The BH 3 is planar before binding and adopts a pseudotetrahedral geometry after binding to the SiH 4 . After binding, the distances between silicon and the other three hydrogens in SiH 4 are hardly affected (the changes are less than 0.01 Å). The only noticeable change in the BH 3 bond lengths is that the distance between the boron and one of its hydrogens (#9 in Figure 1e ) stretches from 1.1811 to 1.217 Å. This exceptionally strong interaction between SiH 4 and BH 3 may be due to the electrondeficient nature of boron, which frequently leads to bridging structures. 7 In contrast, in SiH 4 ···BCl 3 , the electronegative chlorine atoms mitigate this tendency, thereby making the interaction between silane and boron trichloride much weaker. The SiH 4 ···B 2 H 6 complex exhibits the weakest binding, possibly due to the relative stability of the three-center, two-electron bonds formed among the two boron atoms and two bridging hydrogens. 8 Extrapolation of the Binding Energies to the Complete Basis Set. The binding energies of the three complexes are extrapolated to the CBS limit at the MP2 and CCSD(T) levels of theory. The results are presented in Table 3 . The 0 K binding enthalpies at the CBS limit are computed using the MP2/aug-ccpVTZ ZPE, assuming that the ZPE changes little from aug-ccpVTZ to the CBS limit. At the CBS limit, the SiH 4 ···BH 3 complex is still quite strongly bound with an over 10 kcal/mol binding energy. The other two complexes exhibit similar binding strengths, differing by ∼0.4 kcal/mol at the MP2 level of theory and 0.1 kcal/mol with CCSD(T).
Temperature Effect on the Binding Energies. The binding enthalpies computed at MP2/aug-cc-pVTZ at various temperatures for the three complexes are plotted in Figure 2 . The three curves show similar trends, a slight increase to a maximum binding enthalpy followed by a monotonic decrease. The SiH 4 ···BH 3 complex binds most strongly at ∼400 K and remains bound until ∼4000 K. SiH 4 ···B 2 H 6 and SiH 4 ···BCl 3 reach their maximum binding enthalpies by 50 K and approach dissociation at ∼500 and ∼1100 K, respectively.
Potential Energy Surfaces (PESs). To explore the PESs of these complexes, MP2/aug-cc-pVTZ (including Si and Cl outer core correlation) optimizations were performed starting from the separated components of the three complexes (∼5 Å apart). In all three cases, the separated complexes fall back to the original minima found in this study with no barriers. It is interesting that SiH 4 ···BH 3 and SiH 4 ···B 2 H 6 required tighter gradient convergence tolerance, which suggests that these two complexes have a relatively flat region near the minima on the PES. The fact that no transition states were found indicates that at 0 K, the kinetics of the binding processes between silane and the boron compounds studied in this project are diffusion-limited.
CONCLUSIONS
The equilibrium structures of SiH 4 ···BH 3 , SiH 4 ···B 2 H 6 , and SiH 4 ···BCl 3 complexes were determined at the MP2/aug-ccpVTZ level of theory. Explicit core correlation, in particular, the outer core, is shown to play a crucial role in predicting both the structures and binding energies and binding enthalpies for all three complexes. The binding energies and 0 K binding enthalpies at the aug-cc-pVTZ basis set agree very well with the single-point CCSD(T)/aug-cc-pVTZ results, the most accurate method employed in this study. The binding energies and 0 K binding enthalpies including explicit outer core electron correlation are extrapolated to the complete basis set at both the MP2 and CCSD(T) levels of theory. Using model core potentials provides only a small improvement over the frozen core results. The binding enthalpies of the three complexes were evaluated from 0 K to the dissociation temperature of each complex. All three complexes exhibit a similar trend, in which there is a slight increase in the binding enthalpy followed by a monotonic decrease as the temperature rises. At 0 K, there are no barriers for the formation of the complexes.
